population of π-electrons in conjugated polycyclic systems tends to form the smallest 4n + 2 groups and to avoid the formation of the smallest 4n groups. Scheme 1 shows four non-benzenoid PCHs discussed by Glidewell and Lloyd [8] in which application of their rule leads to the conclusion that one of the resonance structures (in red in Scheme 1) is more relevant than the others to explain the electronic and molecular properties of these species. For instance, for bicyclodeca[6.2.0]pentaene (top left chart of Scheme 1), which is composed by fused cyclooctatetraene and cyclobutadiene rings, the resonance structure that better defines the molecular and electronic structure of this compound is the one that places eight π-electrons in the 8-MR and two in the 4-MR.
Clar's rule is a particular case of the application of the Glidewell and Lloyd rule to benzenoid species. Somewhat unexpectedly given the chemical importance of non-benzenoid PCHs [9] [10] [11] [12] [13] , Glidewell and Lloyd's rule is not widely known in the chemical community. To our knowledge, there are neither experimental nor theoretical works analyzing the soundness of this rule, except for the systems studied with the semiempirical MNDO method in the original manuscript by Glidewell and Lloyd [8] . We consider that the time is ripe to examine this rule in deeper detail. Thus, the main aim of this work is to study by means of density functional theory (DFT) calculations the validity of this rule. To this end, we will analyze the molecular and electronic structure of 69 PCHs composed of different combinations of four-, six-, and eight-membered rings as shown in Scheme 2. We anticipate here that for most of the studied compounds (but not all) the Glidewell-Lloyd rule is fully obeyed.
Methods
All geometry optimizations were performed with the Gaussian 09 package [14] by using the B3LYP [15] [16] [17] hybrid density functional and the 6-311G(d,p) basis set [18] without symmetry constraints. Analytical Hessians were computed to confirm that the optimized structures are indeed minima (zero imaginary frequencies). Except otherwise noted, all reported calculations were carried out in the lowest-lying singlet closed-shell state (ground state for most of the systems studied). In some cases and, in particular, in all cases where the singlet closed-shell was not the ground state, open-shell calculations were done using the unrestricted formalism. The aromaticity of each ring was evaluated at the same level of theory by means of two electronic indicators [19, 20] such as the multicenter electron sharing index (MCI) [21] and the aromatic fluctuation index (FLU) [22] , and one geometric descriptor like the harmonic oscillator model of aromaticity (HOMA) [23, 24] . MCI [21] provides a measure of electron sharing among the atoms considered, and it is defined as a sum of all the I ring values resulting from the permutations of indices A 1 , A 1 ,…, A N (N is the number of atoms in the ring):
where P(A) stands for a permutation operator which interchanges the atomic labels A 1 , A 1 ,…, A N to generate up to the N! permutations of the elements in the string A. The I ring index [25] is defined as: n i being the occupancy of MO i and S ij (A) the overlap between MOs i and j within the molecular space assigned to atom A. For the calculation of FLU [22] , delocalization indices (DIs) [26] [27] [28] , which are a measure of electron sharing between two atoms, are required. At the HartreeFock level or with the DFT approach (in this case we use the monodeterminantal wave function derived from KohnSham orbitals), the DI between atoms A 1 and A 2 is obtained from the expression: On the other hand, FLU is given by:
where the string A = {A 1 , A 2 , . . . , A N } contains the ordered elements according to the connectivity of the N atoms in a ring and A 0 ≡ A N and V(A i ) is defined as:
α is a simple function to make sure that the first term is always greater or equal to 1, thus taking the values:
Although several partitions can be used to define the atomic regions needed to calculate DIs and MCIs [29] , we made use of the molecular partition based on the quantum theory of atoms in molecules (QTAIM) [30, 31] . MCI and DI indices were obtained with the ESI-3D program [22, 32] using the overlaps between occupied MOs in the atomic basins generated by AIMAll program [33] . For MCI and HOMA, the larger the values of a given ring, the higher its Mol. 66 
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aromaticity, whereas for FLU, the closer to zero, the more aromatic.
Results and discussion
The series of PCHs considered in our study are depicted in Scheme 2 (see also Table S1 for extra description). We have included molecules having three and four fused rings containing all possible combinations of 4-MRs, 6-MRs, and 8-MRs with three additional requirements to keep a reasonable number of molecules treated: (1) the Lewis structure of the molecule (but not necessarily the molecule) has at least a C 2 symmetry axis; (2) molecules with junctions connecting three rings (highly strained situations) are not considered; and (3) combinations of only 6-MRs are not included because it is already well known that they follow Clar's rule [34] with only few exceptions (coronene could be one of them [35, 36] ). In addition, we have also considered the combinations of a 4-and 6-MR, a 4-and 8-MR, and a 6-and 8-MR.
The molecular structure and Cartesian coordinates of all optimized species can be found in the Supporting Information ( Figure S1 , Table S2 ). Scheme 2 depicts the covalent Lewis structure that more closely reproduces the geometry of the optimized species. In these structures, double bonds are depicted for the short bonds and single bonds for the long ones. In case we have a ring in which the largest difference between the shortest and longest bond lengths is equal or less than 0.05 Å, we have considered that we have a delocalized situation with intermediate in between single and double bonds and we have represented these situations by dashed lines. For molecules with two or more 8-MRs (such as 5, 6, 19,…), we optimized all possible orientations of the non-planar 8-MRs. We found that relative energies of the different puckered conformers were in the range 0.3-1.5 kcal/mol. Given the small energy differences and similar geometrical features, we do not expect significant changes in the aromaticity of the rings when going from one to the other conformer. Consequently, we decided to analyze the aromaticity of only one of the conformers (those drawn in Fig. S1 ).
By looking at the Lewis structures of Scheme 2, the conclusion is that most of the studied species follow the Glidewell-Lloyd rule, i.e., π-electrons in conjugated polycyclic systems tend to form the smallest 4n + 2 groups and to avoid the formation of the smallest 4n groups. This is the case, for instance, of bicyclodeca[6.2.0]pentaene (Mol. 2). The 10 π-electrons are distributed 2π in the 4-MR and 8π in the 8-MR, avoiding placing 4π in the 4-MR. Comparison of C-C bond lengths in our optimized structure of 2 and the X-ray structure [37] for a substituted derivative of 2 (9,10-diphenylbicyclodeca[6.2.0]pentaene) shows that bond lengths differences are smaller than 0.023 Å (the maximum error occurs in the single bond of the 4-MR adjacent to the ring junction), thus providing confidence in our B3LYP/6-311G(d,p)-optimized geometries. However, there are some systems that do not follow the trend expected from the Glidewell-Lloyd rule. In particular, molecules 12, 18, 29, 34, 51, and 59 (9 % of the molecules in the set studied) break the rule. For instance, the 4-MR B of molecule 12 has 4 π-electrons and this is not what one would expect from Glidewell-Lloyd's rule. One could argue that the 4-MR B of molecule 4 has also 4 π-electrons but, in this case, there is no way to avoid having at least one 4-MR with 4 π-electrons, and, therefore, the rule is obeyed. From the set of molecules that follow the Glidewell-Lloyd rule, one can also extract interesting conclusions. For this reason, we divide this section into two parts. In the first part, we analyze the set of molecules that obey GlidewellLloyd's rule. In the second one, we discuss the reasons for the breakdown of the Glidewell-Lloyd rule in the six particular cases found.
Polycyclic conjugated hydrocarbons that obey
Glidewell-Lloyd's rule (Tables S4 and S5 ). In general, the aromaticity trends given by the different indices coincide. The 4n + 2 Hückel rule strictly holds for monocyclic systems like cyclobutadiene or benzene. The breakdown of this rule in PAHs was already well recognized in the beginning of the 1950s [40] . A first attempt to extend the Hückel 4n + 2 π-electron rule from monocyclic annulenes to PAHs corresponded to Platt's ring perimeter model [41] . According to this model, PAHs can be divided into two parts: a perimeter and an inner core. The perimeter is considered as an annulene, and the inner core represents only a perturbation of the perimeter. The aromatic character of the PAH is that of the annulene of the perimeter as derived from Hück-el's rule. Although this rule can explain the aromaticity of PAHs such as pyrene or coronene, it presents many exceptions in PCHs. For instance, bicyclodeca[6.2.0]pentaene (Mol. 2) with 10 π-electrons in its perimeter is antiaromatic (at least the 8-MR), despite following Hückel's rule. Other Results on clamped benzenes and cyclooctatetraenes represent another source of interesting information. In general, significant bond length alternation is achieved when the benzene ring is annelated with clamping groups such as cyclopropa-, cyclobuta-, and cyclobutadiene clamps [42] [43] [44] [45] . However, as shown by Soncini et al. [42] using ring currents and by some of us [46] [47] [48] using different electronic, magnetic, and geometric indices of aromaticity, the aromatic character of the benzene ring changes only slightly. By comparing the clamping effect on a benzene ring of a cyclobutadiene (Mol. 1) and cyclooctatetraene (Mol. 3) clamps, one concludes that the cyclobutadiene clamp localizes stronger than the cyclooctatetraene ring (compare also the structures of 23 and 27 given in the Supporting Information (Figure S1) ). In the case of two clamped units attached to the benzene ring, the localization effect of two clamps is larger if they are located in meta than in para (compare 7 and 8 or 20 and 21-for the latter pair see Figure S1 ). Comparison of isomers 24 and 27 provides support to the idea that 4-MRs when fused to 8-MRs results in more stable molecules than when clamped to 6-MRs (see Table S3 ). For three clamped rings, 4-MRs (32) again have stronger localization effects than 8-MRs (39) . In all these cases, the more localized the 6-MRs, the lower their aromaticities, with the exception of rings 20 and 21 that have similar aromaticities according to all indices. In biphenylene (16), a 4-MR joins two 6-MRs. In this case, the localizing effect of the 4-MR is somewhat weaker than in 1. In fact, molecules having a 4-MR joining two 6-or 8-MRs are more stable than the corresponding isomers with an external 4-MR (compare a Species in the lowest-lying triplet state 19 that follows it, in a similar manner as 16 is more stable than 17 (even though these latter two molecules they follow the rule). Another interesting case is given by 31, in which the 6-MR fused to a 4-MR (ring C) is more aromatic and has a more delocalized π-system than ring D with a clamped 8-MR. This result is somewhat unexpected from the effects of clamping 4-and 8-MRs discussed above. However, there is an explanation. There are two possibilities to locate a π-sextet in ring D. In one of them, one has to locate 4 π-electrons (two double bonds) in the 4-MR and this situation is unfavorable according to the Glidewell-Lloyd rule. Another option is to have π-sextets in rings D and C and 2 π-electrons in the 4-MR. However, this double bond in the 4-MR has to be located in the ring junction between the 8-and the 4-MR, and as we will see later, this situation is avoided as much as possible. Therefore, the most representative Lewis structure of 31 is the one depicted in Scheme 2.
As already said, cyclobutadiene clamps in benzene rings reduce their aromaticity. Interestingly, when fused to cyclooctatetraene rings, the clamps most often decrease the antiaromaticity of these 8-MRs as indicated by the electronic indices of aromaticity (see MCI results for 10-12,  19, 24, 25, 33, 45, 51, 53-56) . Similarly, all indices of aromaticity show that 4-MRs increase their aromaticity as compared to cyclobutadiene when fused to generate PCHs. The only exceptions correspond to ring B of 34 and rings A and B of 59. These rings are found by MCI (but not by FLU nor HOMA) somewhat more antiaromatic than cyclobutadiene. 34 and 56 are two molecules that disobey GlidewellLloyd's rule and will be discussed in the next subsection.
With some exceptions, the aromaticity of all 4-and 8-MRs in the PCHs studied increases with respect to that of cyclobutadiene and cyclooctatetraene, while that of the 6-MRs decreases as compared to benzene. For 4-MRs, MCI values are in the range 0.007-0.398 e (reference value of cyclobutadiene is 0.009 e), whereas MCIs of 6-MRs vary between 0.006 and 0.063 e (benzene reference value is 0.073 e) and for 8-MRs MCIs are found in between 0.000 and 0.0041 e (0.001 e is the reference value of cyclooctatetraene). From these values, it becomes evident that the antiaromaticity of 8-MRs is quite constant, irrespective of the formal number of π-electrons (2, 4, 6, or 8) in the ring, whereas that of 4-and 6-MRs can change quite a lot depending on the PCH considered. It is worth mentioning that 32 represents the only example in which, in a given molecule, the 4-MRs are more aromatic than the 6-MR as shown by all indices used in this work.
It is well known that kinked polycyclic benzenoids are more stable than linear ones [49] . The paradigmatic example is phenanthrene that is more stable than anthracene by about 4-8 kcal/mol because of better π-interactions [49] . Apparently, the situation is reproduced when 6-MRs are replaced by 8-MRs and 6 is more stable than 5 by 3.7 kcal/mol at the B3LYP/6-311G(d,p) level of theory. It is likely that the reason is not because of better π-interactions in this case, since all 8-MRs of 5 and 6 have similar antiaromaticities. Same situation is found when comparing 7 and 8. Again kinked 8 is more stable than linear 7, in this case by 17.0 kcal/mol. From the aromaticity indices, it seems that 7 is more aromatic than 8, and, therefore, the reason for the higher stability of 8 is not likely to be better π-interactions. Although this kinked rule of stability seems to be quite general, in fact, it is not and, for instance, 13 and 14 are isoenergetic or linear 10 and 20 are more stable than kinked 11 and 21 by 2.5 and 2.8 kcal/mol, respectively.
Finally, there are three molecules that follow the Glidewell-Lloyd rule in its low-lying closed-shell singlet state but for which the ground state is an open-shell singlet (O-SS) with the triplet being a low-lying excited state. These are molecules 4, 9, and 57 that have three and two adjacent 4-MRs. In 4, one of the 4-MRs has 4 π-electrons. In 9 and 57, one of the 4-MRs has a double bond in the ring junction between two 4-MRs. In these molecules, the ring junction between two 4-MRs breaks and the molecule forms a biradical 6-MR with a structure analogous to that of p-benzyne (henceforth, we name these species with the prefix BR, see Scheme 3). For BR-4, the O-SS state is 7.0 more stable than the triplet (in p-benzyne this difference is about 4-6 kcal/mol [50] ) and 57.9 more stable than the closed-shell singlet of 4. This situation was already discussed by Dewar and Li in 1974 comparing butalene (two fused 4-MRs) and p-benzyne using the MINDO/3 method [51] . The aromaticity of the 6-MR in the ground state of BR-4 is significantly less than that of the 6-MR in 1. The same behavior is observed for 9. In that case, the O-SS state of BR-9 is more stable by 2.7 kcal/mol and 61.3 than the triplet of BR-9 and the closed-shell singlet states of 9, respectively. The higher stability of the O-SS with respect to the triplet is attributed to the existence of some 1,4-interaction in the benzyne ring [50] . For BR-57, the O-SS is more stable than the triplet by 9.1 kcal/mol and more stable than the closed-shell singlet structure by 23.5 kcal/mol.
Let us finally discuss the case of 54 and 56. The most stable structure of molecules 54 and 56 in their closedshell singlet state is shown in black in Scheme 4. Alternative structures depicted in red in Scheme 4 are also minima. They are less stable than those in black by 1.7 and 4.9 kcal/ mol, as expected from Glidewell-Lloyd rule. However, the closed-shell singlet state is not the ground state for these molecules. The ground state is an O-SS state that is 4.3 and 3.2 kcal/mol more stable for 54 and 56, respectively, than the closed-shell singlet state. In the O-SS, the biradical character is located in rings B that become aromatic as expected from the Baird rule [39] .
Polycyclic conjugated hydrocarbons that disobey
Glidewell-Lloyd's rule
As commented above, in the set of molecules studied, there are six molecules disobeying the Glidewell-Lloyd rule in the closed-shell singlet state that are discussed in the following paragraphs. The expected structures for these molecules according to Glidewell-Lloyd's rule are displayed in Scheme 5. Molecules 12, 51, and 59 have a similar behavior. In these cases, we have two adjacent 4-MRs that are fused to 6-or 8-MRs. In these systems, the expected GlidewellLloyd structure has a double bond located in the ring junction between two 4-MRs that destabilize this situation. For this reason, they break the Glidewell-Lloyd prediction. For these systems, the O-SS state with a broken C-C ring junction between the 4-MRs (see Scheme 3) is the ground state, so one cannot strictly state that the Glidewell-Lloyd is disobeyed in these molecules because the closed-shell singlet state is an excited state. For these molecules in the closed-shell singlet state, the location of two double bonds in a 4-MR is less unfavorable than to place double bonds in between two 4-MRs as depicted in Scheme 5. It is likely that these two closed-shell singlet possibilities are not far in energy since compound 9 and 57 prefer to follow the Glidewell-Lloyd rule. For molecules 12, 51, and 59, the O-SS ground state (i.e., BR-12, BR-51, and BR-59, see Scheme 3) is more stable than the closed-shell singlet by 19.8, 7.4, and 28.0 kcal/mol, respectively. Besides, the O-SS is more stable than the triplet state for BR-12 and BR-51 (by 1.6 and 0.9 kcal/mol, respectively) but not for BR-59 in which the triplet state is more stable than the O-SS by 10.1 kcal/mol.
Mol. 34 is similar to the group of three molecules discussed in the paragraph above. In the lowest-lying Because the ground state is not a closed-shell singlet, we consider that Mol. 12, 34, 51, and 59 do not represent "real" failures of the Glidewell-Lloyd rule. Mol. 29 is a very particular case. To avoid placing a double bond in the ring junction between the 4-and 8-MR as expected from the Glidewell-Lloyd prediction (Scheme 5), the molecule prefers to put 4 π-electrons in 4-MR A. As a consequence, the ring junction between rings A and F is elongated to 1.610 Å. In this situation, one can consider that instead of rings A and F, one has a 10-MR with 10 π-electrons having Hückel aromaticity. This result is reinforced from the calculation of the MCI (0.003 e), FLU (0.017), and HOMA (0.553) that proves a certain aromatic character of the 10-MR. The ground state of this molecule is closed-shell singlet and, therefore, has to be considered a real example of failure of the Glidewell-Lloyd rule.
Finally, 18 is an interesting case that does not follow Glidewell-Lloyd's rule either. The structure predicted by this rule is shown in Scheme 5. The preferred structure depicted in Scheme 2 avoids having two 4n large rings (8-MRs F) paying the price of having one small 4n ring (4-MR A).
Taking into account these results, one should reformulate the Glidewell-Lloyd rule by writing: "the total population of π-electrons in conjugated polycyclic hydrocarbons that have a closed-shell singlet ground state tends to form the smallest 4n + 2 groups and to avoid the formation of the smallest 4n groups, except in the case that avoiding formation of the smallest 4n groups results in the formation of a greater number of large 4n groups."
Conclusions
In this work, we have investigated the validity of the Glidewell-Lloyd rule in 69 PCHs composed of different combinations of four-, six-, and eight-membered rings. Our results show that most of PCHs in their ground (or lowestlying) closed-shell singlet state obey the rule. In many of these species, the Platt ring perimeter model does not provide a good account of their aromaticity. The π-localization effect of cyclobutadiene and cyclooctatetraene clamps in a benzene ring is larger for the former rings. If two clamped groups are attached to a benzene ring, the localization effect is larger if they are located in meta than in para. The cyclobutadiene clamps have a different effect when attached to benzene or cyclooctatetraene rings. In benzene, they reduce the aromaticity of the ring, whereas, in cyclooctatetraene, is the antiaromaticity that is diminished. Although not always, in most cases, kinked polycyclic benzenoids are more stable than linear ones. We found three types of situations in which the Glidewell-Lloyd rule breaks down. First, compounds having two or more adjacent cyclobutadiene rings fused to six-or eight-membered rings. These systems have either 4-MRs with 4 π-electrons or double bonds in the ring junction between 4-MRs. For these systems, the O-SS state with a broken C-C ring junction between the adjacent cyclobutadiene rings is the ground state. In these molecules, the closed-shell singlet state that disobeys the rule is an excited state and it is well know that rules of aromaticity change in excited states [39, 53] . So, strictly speaking the Glidewell-Lloyd is not disobeyed in these systems. Second, conjugated polycyclic systems try to avoid as much as possible the presence of double bonds in ring junctions. In some cases, this leads to structures that disobey the Glidewell-Lloyd rule, like in 29. And third, there is the situation of 18 that places 4 π-electrons in one cyclobutadiene ring to avoid placing 8 π-electrons in two cyclooctatetraene rings. This seems a reasonable solution and, therefore, we propose a minor modification of the Glidewell-Lloyd rule to include this case. In this new formulation, the rule states: "the total population of π-electrons in conjugated polycyclic systems that have a closed-shell singlet ground state tends to form the smallest 4n + 2 groups and to avoid the formation of the smallest 4n groups, except in the case that avoiding formation of the smallest 4n groups results in the formation of a greater number of large 4n groups." Finally, let us mention that although we have considered only PCHs constituted by an even number of carbon atoms, it is likely that the rule applies to PCHs with an odd number of carbon atoms with 4n or 4n + 2 π-electrons like benzothienocyclobutadiene or the benzocycloheptatrienium or benzocycloheptatrienide ions [8] .
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